Simultaneous occurrence of acute myeloid leukaemia with mutated nucleophosmin (NPM1) in the same family Acute myeloid leukaemia (AML) with mutated nucleophosmin (NPM1), accounting for about 30% of adult de novo AML 1 and 7% of childhood AML, 2 displays distinctive biological and clinical characteristics. 3 We report for the first time on the clinical, pathological and molecular features of NPM1-mutated AML which developed almost simultaneously (at an interval of only 2 months) in a father and his daughter, and discuss the biological significance of this finding.
The father (SG) presented in April 2006, at the age of 33 years, because of fever. Laboratory examination revealed anaemia (8.5 g per 100 ml), moderate thrombocytopenia (74 000 per mm 3 ), a white blood cell (WBC) count of 9820 per mm 3 and a few blast cells in the peripheral blood smear. Bone marrow aspirate and trephine showed diffuse infiltration by blast cells that accounted for about 80% of the bone marrow population. Morphology (Figures 1a and b) , immunophenotype of leukaemic cells, that is expression of myeloid (myeloperoxidase, CD33) and monocyte markers (macrophage-restricted CD68, CD14), were diagnostic of acute myelomonocytic leukaemia, according to the WHO (World Health Organization) classification. Leukaemic cells were CD34-negative ( Figure 1c ). Cytogenetics showed a normal karyotype (46, XY). Initially, no molecular studies for mutations of FLT3, NPM1 and CEBPA genes were performed. The patient was treated according to the GIMEMA (Gruppo Italiano Malattie Ematologiche dell' Adulto) LAM 99-P protocol (Supplementary Materials). Bone marrow examinations carried out after induction and consolidation therapy showed complete remission (CR). The patient underwent allogeneic peripheral blood stem cell (PBSC) transplantation from his 40-year-old HLA-identical brother (Supplementary Materials). Currently (June 2008), the patient is in CR.
His daughter (SV), aged 7 years, presented in June 2006, because routine blood tests showed Hb 8.9 g per 100 ml, platelets 195 000 per mm 3 , and a WBC count of 46 920 per mm 3 with 90% blasts. The morphological features ( Figure 2a ) and positivity for myeloperoxidase of a fraction of blast cells (not shown) indicated an AML without maturation, according to the WHO classification. Leukaemic cells were CD34 negative (Figure 2b ). Cytogenetics showed a normal karyotype (46, XX). Molecular studies revealed an NPM1 gene mutation of type B (insertion of 4 bp CATG after nucleotide 1018 of the reference sequence, GenBank accession number NM_002520), which is one of the most common NPM1 mutation variants in childhood AML. 4 Further studies also revealed an internal tandem duplication of the FLT3 gene (FLT3-ITD). Finding that the daughter's leukaemic cells harboured a NPM1 mutation and both father's and daughter's showed normal karyotype and CD34 negativity (which are distinguishing features of AML with mutated NPM1 1 ), prompted us to retrospectively investigate the father's leukaemic cells, which had been frozen at diagnosis of AML in April 2006. NPM1 gene sequencing revealed a 4 bp (TCTG) insertion after nucleotide 1018 of the reference sequence (GenBank accession number NM_002520). This corresponds to NPM1 mutation A, 1 the most common type of NPM1 mutation in adult AML, which is found in 75-80% of cases. 3 The father's leukaemic cells, unlike his daughter's, carried no FLT3-ITD mutation. In conclusion, the daughter's AML cells were NPM1 mutated (type B) and FLT3-ITD positive whereas her father's were NPM1 mutated (type A) and harboured two FLT3 gene alleles in germline configuration. These different molecular profiles of leukaemic cells in father and daughter suggested that NPM1 mutations were not inherited.
Immunostaining with a mouse monoclonal anti-NPM antibody of bone marrow at diagnosis (in father and daughter) and relapse (daughter) showed aberrant nucleophosmin expression in the cytoplasm of leukaemic cells (Figures 1d and 2c ). This expression pattern is predictive of a mutated NPM1 gene. 5 In contrast, normal residual cells (haemopoietic precursors, vessel endothelial cells, fibroblasts and osteoblasts) showed a nucleusrestricted nucleophosmin expression (Figures 1d, 2c and d) which is predictive of NPM1 gene in germline configuration. 5 Nuclear NPM positivity was also found in all normal cells during CR (not shown). Immunohistochemical results were confirmed by molecular studies that detected an NPM1 mutation in leukaemic cells but not in bone marrow mononuclear cells taken during CR (Figure 3) . None of the other family members we studied (I,1FI,2FII,1FIII,2) showed NPM1 or FLT3-ITD mutations (Figure 3 ), proving the NPM1 mutation was somatic in origin in father and daughter. Thus, the mutation pattern in our patients is quite different from what is observed in familial leukaemia associated with heterozygous mutations of genes encoding the runt-related transcription factor 1 (RUNX1) or CEBPA, both of which are of germline type and linked to familial susceptibility to AML. 6, 7 To further clarify the significance of our findings, we used the Affymetrix GeneChip 250K SNP (single-nucleotide polymorphism) mapping array technology and CNAG (v3) software 8 to perform an high-throughput and genome-wide profiling of chromosomal alterations and loss of heterozygosity (LOH) events in several family members. In the father's cells we observed an altered status of chromosome 3p (II,2), which had not been detected by routine cytogenetics. A hemizygous deletion from 3p14.1 to 3p12.3 (from 67 525 645 to 79 347 258 bp of Human May 2004 Assembly, 11.8 Mb in length) was found at diagnosis but not at remission (Figure 4 ), which suggested it was a tumour-specific alteration. Moreover, a large LOH region, spanning from 3p23 to 3p22.1 (from 32 328 557 to 43 502 256 bp, 11 Mb in length), was present at diagnosis and maintained during remission (Figure 4 ). This germline LOH event was associated with combined deletion of one allele and duplication of the other, thus preserving a diploid Letters to the Editor copy number status (defined as copy number neutral LOH). Stretches of homozygosity have been found through the genome of normal individuals. 9 These traits of homozygosity can originate from uniparental dysomy, but most probably they represent autozygosity traits found in region of broad linkage disequilibrium and low frequency of recombination, due to presence of a common ancestor and consanguinity. These regions might include genes, which could be affected by mutations, or they could contain loci related to disease predisposing events. None of the other family members presented this peculiar combination of chromosome 3 alterations. No recurrent-specific DNA aberrations that might suggest familial predisposing genetic factors were identified. Moreover, there was no history of leukaemias or other malignant diseases in the family tree. The apparent absence of genetic predisposing factors concurs with the observation that the NPM1 mutation seems to be a founder genetic lesion rather than a secondary event, as it is specific for AML, 1, 10 does not usually associate with secondary AML, 1, 11 is mutually exclusive of other recurrent genetic abnormalities (except for rare cases bearing NPM1 and CEPBA mutations), 12 is stable over the course of the disease 13 and is associated with distinctive gene expression profile 3 and micro-RNA signature.
14 However, although the SNP array did not identify genetic predisposing factors, we cannot exclude that our patients carried leukaemia susceptibility genes whose alterations could not be detected by SNP arrays (as in case of balanced translocations, inversions or point mutations) or that might have been affected by epigenetic changes.
An alternative hypothesis of the almost simultaneous occurrence of AML in father and daughter is exposure to a common environmental agent. Investigation into family occupations and workplace revealed that father and mother managed a cafeteria within a gasoline station for a period of about 10 years, where their daughter used to spend time almost every day after school. As exposure to benzene is related to higher risk of leukaemia, 15 it could be speculated that low but continuous exposure to benzene from gasoline might have played a role in the development of AML in our patients. On the other hand, although extremely improbable, disease onset in father and daughter might just have been coincidental. Thus, despite extensive investigation, the almost simultaneous occurrence of AML with mutated NPM1 in the two family members remains unexplained.
Father and daughter both underwent allogeneic PBSC transplantation but with different outcomes. The father's favourable outcome was expected as leukaemic cells carried an NPM1 mutation in the absence of FLT3-ITD.
3 Assessment of minimal residual disease by quantitative PCR after allogeneic transplant revealed no NPM1 mutant copies, which is indicative of complete molecular remission and may be predictive of long-term survival. 16 In contrast, AML in the daughter was characterized by an initial response to therapy followed by early relapses, even after haploidentical PBSC transplantation. Her unfavourable prognosis was probably due to co-existence of an FLT3-ITD (documented at diagnosis and during relapses), which is known to counteract the favourable prognostic impact of NPM1 mutations. 1 A number of mutations have also been described in genes such as fms-like tyrosine kinase-3 (FLT3) and nucleophosmin 1 (NPM1), which have prognostic significance and enable substratification of patients in the intermediate cytogenetic risk group. 2 They are, however, rare in adverse risk cases, which include À7, À5, À5q, abnormalities of 3q and those with a complex karyotype.
Several studies have shown that TP53 mutations are frequent in cases of therapy-related AML and myelodysplasia, and are particularly associated with loss of 5q and a complex karyotype. 3 Loss of chromosome 17 material, including the region of the TP53 gene, has been observed in a number of cases. A high incidence of TP53 mutations in cases of primary AML with a complex karyotype has also been reported 4 but no large cohort has been reported to date with comprehensive outcome data.
In this study, we examined the incidence and prognostic impact of TP53 mutations in a cohort of patients with adverse cytogenetics and those with losses on chromosome 17p who were entered into the UK Medical Research Council adult AML trials. We also included cases of À7q, as patients with this abnormality have an outcome at the border between the adverse and intermediate risk groups.
We studied 166 patients with cytogenetic abnormalities of chromosomes 5, 7 or 17, or a complex karyotype (5 or more abnormalities) who had been entered into Medical Research Council AML clinical trials and had diagnostic DNA. Of these, 148 had adverse, 11 had intermediate and 7 had favorable risk cytogenetics by Medical Research Council classification. Details of chemotherapy schedules have been published previously 5, 6 and the majority of patients received intensive chemotherapy. Patient
